Introduction
============

Ovarian cancer (OVC) is a deadly gynecologic malignancy ([@b1-etm-0-0-8878]). In 2015, 1.2 million women suffered from OVC worldwide, and 16,1100 patients succumbed to OVC ([@b2-etm-0-0-8878]). Extensive efforts have been made to improve treatment; cisplatin \[also known as platinum diamminodichloride (DDP)\]-based therapy can cause DNA impairment and induce apoptosis of OVC cells and has become the standard treatment for OVC ([@b3-etm-0-0-8878]). However, the majority of patients eventually develop DDP-resistant OVC with a 5-year survival rate of \~40% ([@b1-etm-0-0-8878]). Previous studies have reported that resistance to DDP treatment may be induced by the dysregulation of certain oncogenes and tumor suppressors in OVC cells ([@b4-etm-0-0-8878]). Therefore, it is necessary to explore the underlying mechanisms and develop novel strategies to overcome OVC resistance to DDP.

MicroRNAs (miRNAs) are evolutionarily conserved small non-protein coding RNAs consisting of \~22 nucleotides ([@b8-etm-0-0-8878]). miRNAs regulate the expression of their target genes post-transcriptionally by binding to their target mRNA sequences ([@b9-etm-0-0-8878]). miRNAs function as the regulators of various cellular processes, including cell proliferation, survival, differentiation and motility, which suggests that miRNA-based therapies mat be a promising strategy for disease treatment ([@b10-etm-0-0-8878],[@b11-etm-0-0-8878]). Previous studies have demonstrated that miRNAs serve an important role in mediating the sensitivity of cancer cells to chemotherapeutic agents and that the dysregulation of miRNA may lead to the development of chemoresistance ([@b12-etm-0-0-8878],[@b13-etm-0-0-8878]). For example, miR-363 reversed the resistance to the combined treatment with doxorubicin, DDP and fluorouracil in gastric cancer by negatively regulating F-box and WD repeat domain-containing 7([@b14-etm-0-0-8878]); miR-539 decreased the chemoresistance to DDP in non-small cell lung cancer cells by directly targeting doublecortin-like kinase 1([@b15-etm-0-0-8878]); miRNA-125a-5p increased the chemosensitivity of esophageal squamous cell carcinoma cells to DDP by inhibiting the STAT3 signaling pathway ([@b16-etm-0-0-8878]). In OVC, miR-335-5p reduced DDP resistance by targeting the 3\'-UTR of Bcl2-like protein 2 (BCL2L2), an antiapoptotic protein of the Bcl-2 family ([@b3-etm-0-0-8878]); miR-205-5p promoted DDP resistance by directly regulating the PTEN/AKT pathway ([@b17-etm-0-0-8878]). The evidence above indicated that miRNAs may be associated with DDP resistance.

Due to the heterogeneity of OVC, differential miRNA expression and molecular mechanisms may contribute to OVC development ([@b18-etm-0-0-8878]). Numerous studies have reported that miR-654-3p acts as a tumor suppressor in breast ([@b19-etm-0-0-8878]), papillary thyroid ([@b20-etm-0-0-8878]) and non-small cell lung ([@b21-etm-0-0-8878]) cancer. In addition, miR-654-3p serves an oncogenic role in oral squamous cell carcinoma by targeting GRB2-related protein to facilitate proliferation, chemoresistance and metastasis through the Ras/mitogen-activated protein kinase signaling pathway ([@b22-etm-0-0-8878]). In OVC, low miR-654-3p levels have been detected in OVC cells or their exosomes compared with normal cells ([@b23-etm-0-0-8878]). However, whether miR-654-3p modulates DDP resistance in OVC and the underlying mechanisms still remain underexplored. The present study aimed to investigate the role and mechanism of miR-654-3p in DDP resistance in OVC.

Materials and methods
=====================

### Microarray assay

The schematic diagram of all experimental procedures is provided in [Fig. S1](#SD1-etm-0-0-8878){ref-type="supplementary-material"}. The miRNA expression profile in the GSE58469 dataset and the mRNA expression profile in the GSE58470 dataset ([@b24-etm-0-0-8878]) were downloaded from the GEO (Gene Expression Omnibus, <http://www.ncbi.nlm.nih.gov/geo>) database. Data from three DDP-sensitive and three DDP-resistant IGROV-1 cell samples were available. Subsequently, differentially expressed genes (DEGs) were identified using limma package (version 3.22.7) in R language (version 3.4.1) ([@b25-etm-0-0-8878]). To compare the profile differences in DDP-sensitive and resistant IGROV-1 cell lines, the input values were log transformed fold-change (FC) of mRNA or miRNA expression levels. The criteria of P-value \<0.05 and log~2~\|FC\|\>1 were used to screen the differentially expressed miRNAs and mRNAs. The pheatmap package (version 2.0; <https://davetang.org/muse/2018/05/15/making-a-heatmap-in-r-with-the-pheatmap-package/>) in R language was used to generate heatmaps. The log~2~FC values of differentially expressed mRNAs obtained from the Limma differential analysis were used for Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment Gseaplot analysis (version 3.0) ([@b26-etm-0-0-8878]). The enriched signaling pathways are presented using dot plots.

### Clinical specimens

A total of 20 OVC and 20 adjacent healthy ovarian tissue specimens were obtained at the time of surgery from female patients diagnosed with OVC by pathologic histology or a hysteroscopy at the Center for Reproductive Medicine, Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University between September 2014 and February 2017. Adjacent tissues were collected 2-3 cm from the tumor site. This study was approved by the Ethics Committees of Shanghai Jiao Tong University, and written informed consent was obtained from all patients. None of the patients received such preoperative therapies as radiation, chemotherapy, or immunotherapy. The average age of the patients was 52 years (range, 36-68). Tumor stages were as follows: i) stage I, 5 patient; ii) stage II, 12 patients; iii) stage III, 2 patients; and iv) stage IV, 1 patients.

### Cell line and cell culture

The immortalized ovarian epithelial cell line (IOSE386) was purchased from the American Type Culture Collection (ATCC) and cultured in RPMI-1640 medium (Corning, Inc.) supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.). IGROV-1 and 293T cell lines were purchased from ATCC and were cultured in standard DMEM (HyClone; GE Healthcare Life Sciences) supplemented with 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.). All cell lines were maintained in a 37˚C incubator with humidified atmosphere containing 95% air and 5% CO~2~. DDP-resistant IGROV-1 subline was established by continuous exposure to DDP. Briefly, IGROV-1 cells were exposed to incremental increases of DDP concentration; the initial DDP dose was 1.52 µM (IC~80~ of the sensitive cell line) for 48 h once a week. Once the cells had recovered and entered the exponential growth phase, the DDP concentration was gradually increased to 15.20 µM. After 6 months of DDP treatment for 6 cycles, the resulting resistant line IGROV-1/DDP was subcultured and treated monthly with 15.20 µM DDP to maintain the chemoresistance. IGROV-1/DDP cells were cultured without DDP for \~14 days prior to subsequent experiments.

### Cell transfection

IGROV-1/DDP cells were transfected with si-QPRT (50 nM), negative control siRNA (si-NC; 50 nM), pcDNA3.1 empty plasmid (150 nM), pcDNA3.1-QPRT (150 nM), microRNA mimic (miR-mimic; 30 nM), microRNA inhibitor (miR-inhibitor; 30 nM), scrambled miR control (miR-NC; 30 nM), or co-transfected with si-QPRT (50 nM) and miR-inhibitor (30 nM) using Lipofectamine^®^ 3000 (Thermo Fisher Scientific, Inc.) for 48 h at 37˚C in a humidified incubator with 5% CO~2~. pcDNA-3.1 was purchased from Clontech Laboratories, Inc. pcDNA3.1-QPRT were synthesized by GenePharma Technology Co., Ltd, and the miR-654-3p mimic and inhibitor were purchased from Guangzhou RiboBio Co., Ltd. The sequences of si-QPRT sense, 5\'-CUACUUGUGUUAUCUGUAAAU-3\' and antisense, 5\'-UUACAGAUAACACAAGUAGUU-3\') and si-NC sense, 5\'-UUCUCCGAACGUGUCACGUTT-3\' and antisense, 5\'-ACGUGACACGUUCGGAGAATT-3\') were designed by DSIR (<http://biodev.extra.cea.fr/DSIR/DSIR.html>), a tool for siRNA (19 or 21 nt) and shRNA target design based on the publication by Vert *et al* ([@b27-etm-0-0-8878]) and synthesized by GenePharma Technology Co., Ltd. Except for the IGROV-1 cells, which were cultured without DDP, the untransfected IGROV-1/DDP and transfected IGROV-1/DDP cells were maintained in media containing 8 µM DDP.

### Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA from cells (IGROV-1, IGROV-1/DDP or various transfected-IGROV-1/DDP cells) were extracted using TRIzol^®^ reagent (Ambion; Thermo Fisher Scientific, Inc.), and total RNA was quantified using ND-2000 spectrophotometer (Thermo Fisher Scientific, Inc.). Then 1 µg of total RNA was used to synthesize cDNA using the ReverTra Ace qPCR RT Kit (Toyobo Life Science) according to the manufacturer\'s instructions. RT-qPCR was performed using a SYBR^®^ RT-PCR kit (Toyobo Life Science) on the ABI 7500 Fast real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The primers used for RT-qPCR analysis are presented in [Table I](#tI-etm-0-0-8878){ref-type="table"}. For the detection of miR-654-3p, total miRNA was extracted from IGROV-1 cells using miRVana miRNA Isolation kit (Ambion; Thermo Fisher Scientific, Inc.) according to the standard procedure ([@b28-etm-0-0-8878]). The extracted miRNA was converted to cDNA using a TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) The RT reaction was incubated as follows: 30 min at 16˚C, 30 min at 42˚C, 5 min at 85˚C. RT-qPCR analysis was performed using the TaqMan 2X Universal PCR Master mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) on the ABI 7500 Fast real-time PCR system. The qPCR thermocycling conditions were as follows: 95˚C for 10 min, followed by 40 cycles of denaturation at 95˚C for 15 sec and annealing/elongation at 60˚C for 1 min. The primers used were obtained from Thermo Fisher Scientific, Inc. (miR-654-3p and U6, cat. no. 4427975). The relative expression levels of mRNA or miRNAs were normalized to those of the internal controls GAPDH or U6 using the 2^-ΔΔCq^ method ([@b29-etm-0-0-8878]).

### Western blotting

IGROV-1 cells were lysed in RIPA buffer (Beyotime Institute of Biotechnology) containing fresh proteinase inhibitor 1X phenylmethylsulfonyl fluoride (Beyotime Institute of Biotechnology). The protein concentration was measured using a BCA kit (Beyotime Institute of Biotechnology), and equal amounts of protein were separated by SDS-PAGE (10%). Proteins were transferred to a PVDF membrane (EMD Millipore) and incubated overnight with primary antibodies against QRPT (1:1,000; Abcam; cat. no. ab171944), cleaved-caspase3 (1:1,000; Abcam; cat. no. ab32042), PI3K (1:1,000; Abcam; cat. no. ab154598), phosphorylated (p-)PI3K (1:1,000; Affinity Biologicals, Inc.; cat. no. AF3242), AKT (1:1,000; Abcam; cat. no. ab179463), p-AKT (1:1,000; Abcam; cat. no. ab215873), permeability glycoprotein (P-gp; 1:1,000; Abcam; cat. no. ab216656) and GAPDH (1:5,000; Cell Signaling Technology, Inc.; cat. no. 5174). Subsequently, the membrane was incubated with the horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:5,000; cat. no. ab205718; Abcam) at room temperature for 1 h, and the signals were detected using an ECL kit (Invitrogen; Thermo Fisher Scientific, Inc.; cat. no. WP20005). Protein expression levels were analyzed with Image-Pro Plus software 6.0 (Media Cybernetics, Inc.). All experiments were performed in triplicate.

### MTT assay

MTT assay was performed to detect cell viability. Briefly, cells were transfected with miRNA mimic, inhibitor, si-QPRT or the corresponding negative controls following DDP treatments. At the indicated time points (24, 48, 72 and 96 h) post-treatment, the medium was replaced with fresh medium containing 200 µg/ml MTT and incubated at 37˚C for 4 h. The purple formazan crystals were dissolved with DMSO. Absorbance was measured at 570 nm using a microplate reader (Biotek Instruments, Inc.), and cell viability was calculated based on the absorbance of the control cells.

### BrdU staining

BrdU staining was performed to assess the proliferation of IGROV-1 and IGROV-1/DDP cells. IGROV-1/DDP cells were transfected with si-QPRT, si-NC, miR-mimic, miR-inhibitor, miR-NC, or si-QPRT + miR-inhibitor for 24 h prior to 24-h DDP treatment. Subsequently, cells were then fixed in cold ethanol and acetic acid mixture (2:1) for 10 min at room temperature and washed using PBS (pH 7.4) supplemented with 1% Triton X-100. Then, fixed cells were incubated with 4 N HCl to denature DNA for 15 min at 37˚C and 0.1 M sodium borate (pH 8.5) was used for neutralizing. The cells were washed with 0.1% NP-40 (Beyotime Institute of Biotechnology) in PBS for three times and blocked for 30 min at room temperature. Finally, cells were incubated with 10 µM BrdU (Sigma-Aldrich; Merck KGaA) for 6 h. For immunodetection, cells were incubated with goat anti-BrdU antibody (1:1,000; cat. no. B2531; Sigma-Aldrich; Merck KGaA) for 2 h at room temperature. Cells were washed with PBS and incubated with a fluorescein-conjugated anti-human immunoglobulin antibody (Thermo Fisher Scientific, Inc.) for 1 h at room temperature. Following washing with PBS, cells were stained with DAPI (Sigma-Aldrich; Merck KGaA). Immunostaining images were captured using Axiovert 200 ﬂuorescence microscope (Carl Zeiss AG; magnification, x100).

### Hoechst 33258 staining

The morphological features of apoptotic IGROV-1/DDP cells were detected by Hoechst 33258 staining (Beyotime Institute of Biotechnology). Following 48-h transfection, the cells (IGROV-1 and IGROV-1/DDP) were washed with PBS twice and fixed with 4% paraformaldehyde for 30 min at room temperature. The cells were washed with PBS and stained with Hoechst 33258 (5 µg/ml) for 20 min at 37˚C in the dark. Subsequently, cells were washed with PBS and images of the apoptotic cells exhibiting Hoechst 33258 ﬂuorescence were captured by a fluorescence microscope (Nikon Corporation). The percentage of apoptotic cells was semi-quantified based on the Image-Pro Plus software 6.0 (Media Cybernetics, Inc.).

### Wound-healing assay

For the wound-healing assay in ovarian cancer cell lines, transfected IGROV-1/DDP cells were seeded in 96-well plates (5x10^3^ cells/well), and artificial wounds were made using a 200 µl pipette tip. The ability of the cells to migrate was evaluated by comparing the distance between the two edges in the images captured at the beginning of the experiment (0 h) with those at 24 h. Hoechst 33258 was used to stain the cell nucleus, and phase-contrast images were captured using the LeicaDMI300B (Leica) at x40 magnification.

### Luciferase assay

The predicted binding sites of QPRT and miR-654-3p were predicted by TargetScan (version 7.2; [www.targetscan.org](www.targetscan.org)). Then the human QPRT 3\'-untranslated region (UTR) containing the predicted miR-654-3p binding sites was cloned into a psi-CHECK2 vector to obtain the QPRT 3\'-UTR-luciferase construct. The QPRT 3\'-UTR-mutant luciferase construct was obtained from the QPRT 3\'-UTR construct by mutating the complementary sequence of the miR-654-3p seed region (5\'-CAGACAU-3\' to 5\'-AUUACGA-3\'). The constructs were co-transfected with synthesized miR-654-3p miRNA mimics or mimic NC (Shanghai GenePharma Co., Ltd.) into 293T cells using Lipofectamine^®^ 3000 (Life Technologies). At 24 h, the luciferase assay was performed using the Dual Luciferase Reporter Assay System (Promega Corporation), and the mean luciferase activity for each miRNA was calculated relative to the mean for the negative control.

### Statistical analysis

The data are expressed as the mean ± SD. Statistical comparisons between two groups were performed using Student\'s t-test. Multiple groups were compared using one-way ANOVA, followed by Tukey\'s post hoc test. GraphPad Prism 6.0 (GraphPad Software, Inc.) was used for all analyses, and P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Differential expression of miRNAs and mRNAs in the DDP-resistant OVC cell subline

To identify potential regulators of DDP resistance in OVC cells, the microarray profiles from GEO datasets GSE58469 and GSE58470 were obtained. Hierarchical clustering analysis separated the samples into two groups, IGROV-1 (cisplatin-sensitive; IGROV-1_1, IGROV-1_2 and IGROV-1_3) and IGROV-1/OHP (cisplatin-resistant; IGROV-1/OHP_1, IGROV-1/OHP_2 and IGROV-1/OHP_3). The top 10 miRNAs and mRNAs with the highest FC in the expression between the two groups were used to generate the heatmaps ([Fig. 1A](#f1-etm-0-0-8878){ref-type="fig"} and [B](#f1-etm-0-0-8878){ref-type="fig"}). The results indicated that a set of miRNAs and mRNAs were frequently aberrantly expressed in DDP-resistant cells. miR-654-3p was downregulated ([Fig. 1A](#f1-etm-0-0-8878){ref-type="fig"}) and QPRT mRNA was upregulated ([Fig. 1B](#f1-etm-0-0-8878){ref-type="fig"}) in DDP-resistant OVC cells compared with their respective controls.

### KEGG analysis of differentially expressed mRNAs

To further explore the signaling pathway involved in DDP resistance of OVC cells, the differentially expressed mRNAs were subjected to KEGG analysis. The results revealed that the differentially expressed genes were enriched in several pathways, including 'PI3K-Akt signaling pathway' ([Fig. 2A](#f2-etm-0-0-8878){ref-type="fig"}). In addition, Gseaplot analysis revealed that the running enrichment score of the PI3K-AKT signaling pathway in DDP-resistant IGROV-1 cell lines was \>0, which indicated that the PI3K-AKT signaling pathway was activated in these cells ([Fig. 2B](#f2-etm-0-0-8878){ref-type="fig"}).

### miR-654-3p is downregulated in OVC tissues and cell lines

To explore the role of miR-654-3p in OVC, the expression levels of miR-654-3p in OVC and healthy tissue samples, as well as IGROV-1 and IOSE386 cells, were determined by RT-qPCR. miR-654-3p expression levels were downregulated in OVC tumor samples and IGROV-1 OVC cells compared with healthy samples and IOSE386normal human ovarian cells, respectively ([Fig. 3A](#f3-etm-0-0-8878){ref-type="fig"} and [B](#f3-etm-0-0-8878){ref-type="fig"}). To confirm the successful establishment of DDP-resistant IGROV-1 cell line, the IC~50~ of the sensitive IGROV-1 and resistant IGROV-1/DDP OVC cells were calculated; the results demonstrated that the IC~50~ was 7.13±0.82 µM for IGROV-1 and 23.67±0.96 µM for IGROV-1/DDP, which indicated that the IGROV-1/DDP cell line was indeed DDP-resistant ([Fig. 3C](#f3-etm-0-0-8878){ref-type="fig"}). In addition, the protein expression levels of P-gp, which is responsible for DDP resistance of OVC, were detected in IGROV-1 and IGROV-1/DDP cells by western blot analysis. As presented in [Fig. 3D](#f3-etm-0-0-8878){ref-type="fig"} and [E](#f3-etm-0-0-8878){ref-type="fig"}, P-gp protein expression was notably increased in IGROV-1/DDP cells compared with that in IGROV-1 cells, which further demonstrated the successful establishment of a DDP-resistant cell line. To confirm the results obtained from the microarray analysis, a thorough analysis of miRNA expression in IGROV-1 and IGROV-1/DDP was performed by RT-qPCR. The results demonstrated that IGROV-1/DDP cells exhibited significantly lower miR-654-3p levels compared with IGROV-1 cells ([Fig. 3F](#f3-etm-0-0-8878){ref-type="fig"}).

### Overexpression of miR-654-3p enhances the DDP sensitivity of IGROV-1/DDP cells

As miR-654-3p expression is significantly downregulated in tumor tissues and cell lines of OVC, it may function as a tumor suppressor. Therefore, gain-of-function experiments were preformed. IGROV-1/DDP cells were transfected with miR-654-3p mimic and miR-NC. An increase in mature miR-654-3p was detected in the miR-654-3p mimic-transfected cells compared with miR-NC-transfected cells; no notable changes were observed in miR-654-3p expression levels following transfection with miR-NC compared with untransfected IGROV-1/DDP cells ([Fig. 4A](#f4-etm-0-0-8878){ref-type="fig"}). MTT assay was performed to investigate the viability of IGROV-1/DDP cells transfected with miR-654-3p mimic. Overexpression of miR-654-3p increased the toxicity of 8 µM DDP in IGROV-1/DDP cells compared with the miR-NC-transfected group ([Fig. 4B](#f4-etm-0-0-8878){ref-type="fig"}). In addition, the BrdU cell proliferation assay was performed following miR-654-3p mimic transfection; fewer cells were labeled with BrdU in the miR-654-3p overexpression group compared with cells transfected with miR-NC ([Fig. 4C](#f4-etm-0-0-8878){ref-type="fig"} and [D](#f4-etm-0-0-8878){ref-type="fig"}).

To determine whether apoptosis contributed to the cell proliferation inhibition by miR-654-3p, Hoechst 33258 staining was performed. As presented in [Fig. 5A](#f5-etm-0-0-8878){ref-type="fig"} and [B](#f5-etm-0-0-8878){ref-type="fig"}, higher levels of nucleus cleavage and chromatin condensation were observed in the miR-654-3p mimic group, and overexpression of miR-654-3p greatly increased the number of total apoptotic cells in IGROV-1/DDP compared with the miR-NC group. Wound-healing assay was performed to determine whether miR-654-3p exhibited inhibitory effects on IGROV-1/DDP cell migration; the results demonstrated that overexpression of miR-654-3p efficiently inhibited IGROV-1/DDP migration ([Fig. 5C](#f5-etm-0-0-8878){ref-type="fig"} and [D](#f5-etm-0-0-8878){ref-type="fig"}). In addition, the expression levels of apoptosis-related protein cleaved-caspase3 were analyzed by western blotting. Following 8 µM DDP treatment for 48 h, the expression levels of cleaved-caspase3 were higher in the miR-654-3p mimic group compared with those in the miR-NC group, which indicated that the overexpression of miR-654-3p may promote apoptosis in IGROV-1/DDP cells ([Fig. 5E](#f5-etm-0-0-8878){ref-type="fig"} and [F](#f5-etm-0-0-8878){ref-type="fig"}). The expression levels of p-PI3K and p-AKT were also analyzed in these samples, as the PI3K/AKT signalling pathway promotes DDP resistance in OVC ([@b30-etm-0-0-8878],[@b31-etm-0-0-8878]). The phosphorylation levels of PI3K and AKT were high in the untransfected and miR-NC-transfected cells, which was reversed by miR-654-3p overexpression ([Fig. 5E](#f5-etm-0-0-8878){ref-type="fig"} and [F](#f5-etm-0-0-8878){ref-type="fig"}).

### QPRT is a direct target of miR-654-3p

To further investigate the molecular mechanisms of miR-654-3p, miR-654-3p target gene prediction was performed using Targetscan. QPRT was selected for further analysis due to its antiapoptotic properties ([@b32-etm-0-0-8878]). A miR-654-3p binding site in QPRT 3\'-UTR was identified ([Fig. 6A](#f6-etm-0-0-8878){ref-type="fig"}) and further validated using a luciferase assay. The results domenstrated that co-transfection of the pGL3 reporter plasmid with miR-654-3p mimic exhibited a \~45% reduction in luciferase activity compared with miR-NC. In addition, the inhibition of luciferase activity by miR-654-3p was reversed when the QPRT 3\'-UTR was mutated ([Fig. 6B](#f6-etm-0-0-8878){ref-type="fig"}).

Western blotting and RT-qPCR results demonstrated that QPRT was upregulated in OVC samples and IGROV-1 cells compared with adjacent healthy tissues and IOSE386 human normal ovarian cells, respectively ([Fig. 6C](#f6-etm-0-0-8878){ref-type="fig"} and [D](#f6-etm-0-0-8878){ref-type="fig"}). In addition, QPRT expression was also upregulated in IGROV-1/DDP cells compared with IGROV-1 cells at the mRNA and protein levels ([Fig. 6D](#f6-etm-0-0-8878){ref-type="fig"} and [E](#f6-etm-0-0-8878){ref-type="fig"}). The expression levels of miR-654-3p and QPRT following transfection with the miR-654-3p mimic or inhibitor in IGROV-1/DDP cells were measured by qRT-PCR ([Fig. 6F-H](#f6-etm-0-0-8878){ref-type="fig"}). Of note, miR-654-3p overexpression reduced QPRT mRNA and protein expression levels in IGROV-1/DDP, whereas downregulation of miR-654-3p was associated with the upregulation QPRT ([Fig. 6G](#f6-etm-0-0-8878){ref-type="fig"} and [H](#f6-etm-0-0-8878){ref-type="fig"}). These results indicated that miR-654-3p may target QPRT by transcriptional and translational regulation.

### Downregulation of miR-654-3p enhances DDP resistance in QPRT-knockdown OVC cells

To investigate the functional involvement of QPRT in miR-654-3p-mediated DDP resistance, si-QPRT, miR-654-3p inhibitor and si-QPRT + miR-654-5p inhibitor were transfected into IGROV-1/DDP cells. Following transfection, the mRNA and protein levels of QPRT were signifcantly increased in the si-QPRT + miR-inhibitor group compared with those in the si-QPRT group ([Fig. 7A](#f7-etm-0-0-8878){ref-type="fig"} and [F](#f7-etm-0-0-8878){ref-type="fig"}). The results of the MTT assay demonstrated that following DDP treatment, the viability of IGROV-1/DDP cells transfected with si-QPRT was decreased compared with that of the si-NC group, whereas cells co-transfected with miR-654-5p inhibitor and si-QPRT exhibited a moderate change in the cell viability compared with si-QPRT ([Fig. 7B](#f7-etm-0-0-8878){ref-type="fig"}). Consistently with the results of cell viability analysis, the proportion of BrdU-positive cells at 24 h in the si-QPRT group was decreased compared with the si-NC group, but signifcantly increased in the si-QPRT + miR-654-5p inhibitor group compared with that in the si-QPRT group ([Figs. 7C](#f7-etm-0-0-8878){ref-type="fig"} and [S2A](#SD2-etm-0-0-8878){ref-type="supplementary-material"}), which indicated that miR-654-5p inhibitor may have rescued the suppressive effect of si-QPRT on IGROV-1/DDP cell proliferation. Subsequently, Hoechst 33528 dye staining was performed to detect cell apoptosis. The percentage of Hoechst-positive cells was reduced from 34.27±2.42% in the si-QPRT group to 7.85±2.66% in the si-QPRT + miR-654-5p inhibitor group ([Figs. 7D](#f7-etm-0-0-8878){ref-type="fig"} and [S2B](#SD2-etm-0-0-8878){ref-type="supplementary-material"}). The increased protein expression level of cleaved caspase-3 induced by si-QPRT was also reduced in the si-QPRT + miR-654-5p inhibitor group ([Figs. 7F](#f7-etm-0-0-8878){ref-type="fig"} and [S2C](#SD2-etm-0-0-8878){ref-type="supplementary-material"}) In addition, knockdown of QPRT signifcantly suppressed the cell migratory capacity, but an increased migration rate was observed in the si-QPRT + miR-654-5p inhibitor group compared with the si-QPRT group ([Fig. 7E](#f7-etm-0-0-8878){ref-type="fig"}). In addition, miR-654-3p- and QPRT-induced PI3K and AKT phosphorylation was evaluated by western blot analysis; the levels of p-PI3K and p-AKT were lower in cells transfected with si-QPRT following DDP treatment compared with those in cells transfected with si-NC. By contrast, the PI3K and AKT phosphorylation levels were partially reversed in the si-QPRT + miR-654-5p inhibitor group ([Fig. 7F](#f7-etm-0-0-8878){ref-type="fig"}). In addition, QPRT overexpression increased the levels of p-PI3K, p-AKT and P-gp and inhibited the protein expression of cleaved-caspase3 ([Fig. 8A](#f8-etm-0-0-8878){ref-type="fig"} and [B](#f8-etm-0-0-8878){ref-type="fig"}). Taken together, these results revealed that miR-654-3p may enhances the DDP sensitivity in OVC by suppressing QPRT.

Discussion
==========

DDP is a first-line chemotherapeutic agent used in the treatment of OVC. However, \~25% of patients develop recurrence and metastasis within 6 months after chemotherapy due to DDP resistance, which is a major challenge in OVC treatment ([@b1-etm-0-0-8878]). Although previous studies have demonstrated that aberrant expression of miRNAs is associated with DDP resistance ([@b33-etm-0-0-8878],[@b34-etm-0-0-8878]), the regulatory mechanism of miR-654-3p underlying OVC chemoresistance remains unknown. The results of the present study demonstrated that downregulation of miR-654-3p may be involved in DDP resistance in OVC. Ectopic expression of miR-654-3p significantly inhibited the proliferation, survival and migration of OVC cells and increased the sensitivity of IGROV-1/DDP cells to DDP by targeting QPRT. In addition to QPRT, miR-654-3p also mediated the PI3K/AKT signaling pathway, which is associated with DDP resistance of patients with OVC. The results of the present study provide a novel option for therapeutic intervention of DDP resistance.

Multiple studies have demonstrated that miRNA dysregulation is involved in DDP resistance in OVC. let-7e was significantly downregulated in DDP-resistant OVC cells, whereas overexpression of let-7e enhanced the sensitivity of DDP-resistant OVC cells to DDP ([@b35-etm-0-0-8878]). Zhang *et al* ([@b36-etm-0-0-8878]) reported low expression levels of miR-1294 in DDP-resistant tissues and cells, revealing the role of miR-1294 in DDP resistance. Vera *et al* ([@b37-etm-0-0-8878]) demonstrated that DNA methylation of miR-7 participated in the OVC DDP resistance through MAF bZIP transcription factor G (MAFG); Yu *et al* ([@b33-etm-0-0-8878]) reported the mediation of DDP resistance in OVC by miR-21 by targeting PTEN. Additionally, Li *et al* ([@b38-etm-0-0-8878]) demonstrated that miR-146a-5p facilitated OVC DDP resistance by suppressing several antiapoptotic genes, including baculoviral IAP repeat containing (BIRC), BIRC2, BCL2L2 and X-linked inhibitor of apoptosis. Overexpression of miR-139-5p can reverse DDP resistance in OVC by targeting C-Jun ([@b39-etm-0-0-8878]). However, the expression levels of miR-654-3p in OVC samples have not been studied previously. The results of the present study demonstrated that miR-654-3p levels were significantly downregulated in DDP-resistant ovarian cancer cells. In addition, overexpression of miR-654-3p increased the DDP sensitivity of DDP-resistant OVC cells *in vitro*.

miRNAs normally function as negative regulators of gene expression by binding to the 3\'-UTRs of their target mRNAs ([@b40-etm-0-0-8878]). In the present study, TargetScan was used to identify and characterize the targets of miR-654-3p. Based on the top10 differentially overexpressed genes identified by the microarray assay, QPRT, which is a key enzyme for *de novo* synthesis of nicotinamide adenine dinucleotide (NAD^+^) ([@b41-etm-0-0-8878]), was selected. The results of further analysis revealed a negative association between QPRT and miR-654-3p levels in OVC cells. Luciferase reporter assay and other *in vitro* assays based on ectopic modulation of miR-654-3p expression in cultured cells demonstrated that miR-654-3p directly targeted QPRT. QPRT has previously been reported to be involved in several tumors, including glioma and leukemia. QPRT has been demonstrated to enhance the resistance of glioma cells to oxidative stress and radiation by activating the NAD^+^ salvage pathway ([@b42-etm-0-0-8878]). In addition, antiapoptotic QPRT upregulation in leukemic K562 cells enhanced their resistance to imatinib ([@b32-etm-0-0-8878]). However, a comprehensive study on the function and mechanism of QPRT is still lacking and has not been reported in OVC. The results of the present study demonstrated that miR-654-3p downregulated the expression of QPRT. siRNA knockdown of QPRT decreased the viability, proliferation and migratory capacity of IGROV-1/DDP cells. In addition, QPRT-knockout cells exhibited higher levels of apoptosis and were more susceptible to DDP treatment compared with the control group. The co-application of si-QPRT and miR-654-3p mimic independently reduced DDP resistance. The effects of si-QPRT on cellular function were reversed by the miR-654-3p inhibitor. Thus, the results of the present study suggest that the suppressive effects of miR-654-3p on the survival and chemoresistance of OVC cells may have occurred through the inhibition of QPRT expression.

QPRT protein has been reported to bind to the active caspase3, which decreases the caspase3 activity in the presence or absence of apoptotic inducers ([@b43-etm-0-0-8878]). siRNA knockdown of QPRT increases the likelihood of spontaneous cell death ([@b43-etm-0-0-8878]). Consistently, in the present study, the expression level of cleaved-caspase3 was increased following miR-654-3p transfection in IGROV-1/DDP cells, and QPRT-deficient cells exhibited higher cleaved-caspase3 expression compared with the control group. In addition, miR-654-3p and QPRT regulated PI3K/AKT signaling. Recently, PI3K/AKT signaling has been demonstrated to be involved in the pathogenesis and DDP chemoresistance in OVC ([@b30-etm-0-0-8878],[@b31-etm-0-0-8878],[@b44-etm-0-0-8878]). The results of the present study demonstrated that overexpression of miR-654-3p could inhibit the activation of PI3K/AKT pathways, and targeting the miR-654-3p/QPRT/PI3K/AKT axis may be significant to overcome the problem of DDP resistance.

A previous study has suggested that a reduction in QPRT, which is the only enzyme catabolizing quinolinic acid (QUIN), leads to an accumulation of QUIN, which in turn decreases NAD^+^ production ([@b35-etm-0-0-8878]). NAD^+^ is a cofactor for enzymes such as the DNA repair protein poly (ADP-ribose) polymerase (PARP). Therefore, reduced NAD^+^ production can inhibit PARP activity ([@b32-etm-0-0-8878],[@b36-etm-0-0-8878]). In addition, Teng *et al* ([@b45-etm-0-0-8878]) have reported that PARP2 knockdown by siRNA resulted in decreased expression of PI3K, AKT and p70S6K mRNA and protein in cervical cancer *in vitro*. However, whether the PI3K-AKT pathway is the direct effector of QPRT, or QPRT achieves PI3K-AKT activation through regulating other molecules such as PARP needed further investigation. P-gp is an ATP-dependent drug efflux pump for xenobiotic compounds with broad substrate specificity; it is responsible for decreased drug accumulation in multidrug-resistant cells and often mediates the development of resistance to anticancer drugs ([@b46-etm-0-0-8878]). The results of the present study demonstrated that enhanced miRNA-654-3p inhibited P-gp by targeting QPRT, which may contribute to the sensitivity of IGROV-1/DPP cells to DPP.

In summary, the present study demonstrated that downregulation of miR-654-3p contributed to DDP resistance in IGROV-1 cells. Restoration miR-654-3p through ectopic expression significantly sensitized IGROV-1/DPP cells to DDP treatment *in vitro*. The underlying mechanisms may be regulated through QPRT mRNA. In addition to QPRT, miR-654-3p also inactivated the PI3K/AKT signaling. Taken together, these results suggested that miR-654-3p may be a biomarker for evaluating responsiveness to DDP treatment and a potential therapeutic target in OVC.
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###### Figure S1. Schematic diagram of the experimental procedure. QPRT, quinolinate phosphoribosyl transferase; miR, microRNA; IGROV.1/DDP, cisplatin.resistant IGROV.1 cells.

###### Figure S2. (A) Representative images of BrDU staining. (B) Hoechest 33258 staining. (C) Wound healing assay after different transfection. Scale bar, 100 μm.
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![Differential expression of miRNAs and mRNAs in cisplatin-sensitive and -resistant IGROV-1 cell lines. (A) Heatmap of the top 10 upregulated (red) and downregulated (green) microRNAs from cisplatin-sensitive and resistant IGROV-1 cell lines detected by microarray analysis. (B) Heatmap of selected upregulated (red) and downregulated (green) mRNAs from the microarray analysis. miR-654-3p and QPRT are highlighted. n=3 for each condition. miR, microRNA; QPRT, quinolinate phosphoribosyl transferase.](etm-20-02-1467-g00){#f1-etm-0-0-8878}

![PI3K-AKT signaling pathway is activated in cisplatin-resistant IGROV-1 cell lines. (A) KEGG enrichment analysis demonstrated that the PI3K-AKT signaling pathway was activated in cisplatin-resistant IGROV-1 cell lines. (B) Gseaplot analysis revealed that the running enrichment score of PI3K-AKT signaling pathway in cisplatin-resistant IGROV-1 cell lines was \>0, indicating that PI3K-AKT signaling pathway was activated.](etm-20-02-1467-g01){#f2-etm-0-0-8878}

![miR-654-3p is downregulated in ovarian cancer tissues and cell lines. (A) The relative miR-654-3p expression was determined by RT-qPCR in healthy tissues (n=20) and ovarian cancer tissues (n=20). (B) miR-654-3p expression levels in the ovarian cancer cell line IGROV-1 and in the normal human ovarian epithelial cell line IOSE386 were detected by RT-qPCR. (C) MTT assay of DDP-sensitive IGROV-1 and DDP-resistant IGROV-1 cells. (D and E) Western blotting was performed to examine the protein level of P-gp in IGROV-1 and IGROV-1/DDP cells. (F) RT-qPCR analysis of miR-654-3p expression levels in IGROV-1 and IGROV-1/DDP cells. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control or IGROV-1. miR, microRNA; RT-qPCR, reverse transcription-quantitative PCR; DDP, cisplatin; P-gp, permeability glycoprotein; IGROV-1/DDP, DDP-resistant IGROV-1 cells.](etm-20-02-1467-g02){#f3-etm-0-0-8878}

![Restoration of miR-654-3p sensitizes ovarian cancer cells to cisplatin *in vitro*. IGROV-1/DDP cells were seeded and transfected with miR-NC and miR-mimic respectively. (A) At 48 h post-transfection, reverse transcription-quantitative PCR was performed to determine the miR-654-3p expression levels. (B) At 24 h post-transfection, cells were treated with 8 µM cisplatin. The effects of miR-654-3p on cell viability were determined at different time points (0, 24, 48, 72 and 96 h) by MTT assay. (C) At 24 h post-transfection, cells were treated with 8 µM cisplatin for 48 h, and DNA biosynthesis was detected by BrdU labelling (green). DAPI was used to stain cell nuclei (blue). Scale bar, 100 µm. (D) BrdU-positive cells were counted and subjected to statistical analysis. ^\*\*\*^P\<0.001 vs. IGROV-1; ^\#\#^P\<0.01 and ^\#\#\#^P\<0.001 vs. miR-NC. IGROV-1/DDP, cisplatin-resistant IGROV-1 cells; miR, microRNA; NC, negative control.](etm-20-02-1467-g03){#f4-etm-0-0-8878}

![Effects of miR-654-3p upregulation on cisplatin-induced apoptosis and migration of OVC cells. (A) Hoechst-positive cells were observed under a fluorescence microscope. Normal cells displayed intact nuclei and adqulis chromatin. Shrunken cells with condensed or fragmented nuclei were considered to exhibit typical morphological features of apoptosis. Scale bar, 100 µm. (B) The percentage of apoptotic cells is expressed as the means ± SD of 3 independent experiments. (C) Wound-healing assay was performed. At 48 h, OVC cells were stained by Hoechst 33258 solution. Scale bar, 100 µm. (D) The migration rate was compared between IGROV-1/DDP cells transfected with miR-NC and miR-mimic. (E) Western blotting was used to detect the protein expression levels of cleaved-caspase3, Total caspase3, PI3K, p-PI3K, AKT and p-AKT. (F) Quantification of the western blotting results. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. IGROV-1; ^\#^P\<0.05, ^\#\#^P\<0.01 and ^\#\#\#^P\<0.001 vs. miR-NC. OVC, ovarian cancer; IGROV-1/DDP, cisplatin-resistant IGROV-1 cells; miR, microRNA; NC, negative control.](etm-20-02-1467-g04){#f5-etm-0-0-8878}

![miR-654-3p directly targets QPRT. (A) Predicted binding sites of miR-654-3p to QPRT 3\'-UTR. (B) Luciferase activity of 293T cells transfected with WT or Mut 3\'-UTR of QPRT plus miR-654-3p mimic and scramble control (miR-NC). ^\*\*^P\<0.01 vs. miR-NC group. (C) RT-qPCR analysis of the QPRT mRNA levels in healthy (n=20) and ovarian cancer (n=20) tissues. ^\*\*^P\<0.01 vs. Healthy group. (D) RT-qPCR analysis of the expression levels of QPRT in IOSE386, IGROV-1 and IGROV-1/DDP cell lines. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. IOSE386 group; ^\#^P\<0.05 vs. IGROV-1 group. (E) Western blotting detected that QPRT protein expression was significantly increased in IGROV-1/DDP cells compared with that in IGROV-1. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. IOSE386 group; ^\#^P\<0.05 vs. IGROV-1 group. (F) RT-qPCR was used to determine miR-654-3p expression levels in cells transfected with miR-NC, miR-654-3p mimic and miR-654-3p inhibitor. ^\*\*^P\<0.01 vs. miR-NC group. (G) RT-qPCR and (H) western blotting were used to detect the mRNA and protein expression levels of QPRT following 48-h transfection. ^\*^P\<0.05, ^\*\*^P\<0.01 vs. miR-NC group. Data are presented as the mean ± SD. QPRT, quinolinate phosphoribosyl transferase; UTR, untranslated region; WT, wild-type; Mut, seed sequence-mutated; IGROV-1/DDP, cisplatin-resistant IGROV-1 cells; miR, microRNA; NC, negative control; RT-qPCR, reverse transcription-quantitative PCR.](etm-20-02-1467-g05){#f6-etm-0-0-8878}

![QPRT is involved in miR-654-3p suppressed cisplatin resistance of IGROV-1/DDP cells. IGROV-1/DDP cells were transfected with si-NC, si-QPRT, miR-inhibitor and si-QPRT + miR-inhibitor. (A) Post-transfection, reverse transcription-quantitative PCR was used to detect the mRNA expression of QPRT. (B) Following transfection and cisplatin treatment, MTT assay was used to examine cell viability. (C) Following transfection and cisplatin treatment, DNA biosynthesis was detected by BrdU labelling, and BrdU-positive cells were counted and subjected to statistical analysis. (D) Hoechst 33258 staining was performed, and the percentage of apoptotic cells is expressed as the means ± SD of 3 independent experiments. (E) Cell migration was detected by wound-healing assay. (F) Western blotting was used to detect the protein expression levels of P-gp, Total caspase3, cleaved-caspase3, PI3K, p-PI3K, AKT, p-AKT and QPRT. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. IGROV-1; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. si-NC; ^&^P\<0.05 and ^&&^P\<0.01 vs. miR-inhibitor. QPRT, quinolinate phosphoribosyl transferase; IGROV-1/DDP, cisplatin-resistant IGROV-1 cells; miR, microRNA; si-NC, negative control small interfering RNA; si-QPRT, small interfering RNA targeting QPRT; P-gp, permeability glycoprotein.](etm-20-02-1467-g06){#f7-etm-0-0-8878}

![QPRT overexpression promotes P-gp protein expression and activates the PI3K/AKT signaling pathway of IGROV-1/DDP cells. (A) QPRT overexpression promoted PI3K, p-AKT and P-gp expression and inhibited cleaved-caspase3 expression. (B) Quantification of QPRT, PI3K, p-AKT, P-gp, Total caspase3 and cleaved-caspase3 protein expression. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. pcDNA3.1. QPRT, quinolinate phosphoribosyl transferase; P-gp, permeability glycoprotein; IGROV-1/DDP, cisplatin-resistant IGROV-1 cells.](etm-20-02-1467-g07){#f8-etm-0-0-8878}

###### 

mRNA primers used for reverse transcription-quantitative PCR.

  Gene name       Gene bank ID   Primer sequences (5\'→3\')   Product size, bp
  --------------- -------------- ---------------------------- ------------------
  QPRT            NM_014298.4    F:TGTTGAAGGATAACCATGTGGTG    106
                                 R:CTGCTGCATTCCACTTCCA         
  GAPDH (human)   NM_002046.6    F:TGCACCACCAACTGCTTAGC       87
                                 R:GGCATGGACTGTGGTCATGAG       

QPRT, quinolinate phosphoribosyl transferase.
